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1. INTRODUCTION
Structural details, such as coverplates and lateral attachments
welded on beams, cause fatigue cracks in the girders under repeated load-
iug. At low temperatures these fatigue cracks can initiate brittle frac-
ture and abrupt failure of the member. The fracture resistance of such
.precracked beams is a function of the toughness characteristics of steel,
crack size, applied stress, and the test temperature.
Fracture resistance, a material characterization value, is usually
determined by special tests such as compact tension tests and three point
bend K tests or is derived from Charpy V-Notch test data. The K -values
c c
can be obtained by different methods from the energy absorption of the
Charpy tests. Because of geometry differences between the beams and
material tests, slight differences may exist between their measured and
estimated fracture.toughness. For material tests the dimension of the
specimen, the test procedures and the analysis are well defined. The beam
tests~ however, have to reflect the actual behavior of a structural mem-
ber with its irregularities, such as crack shape, stress distribution,
and constraint. For the analysis of the beam tests, judgment decisions were
unavoidable to cope with the complexities of the crack shape and stress
distribution.
Some years ago fracture tests on full size .(W36x230) beams were
carried out in this laboratory. (5) For that test series the critical
section was cooled and during the cooling the load was constantly cycled
until the fracture occurred. Due to test limitations this continous pro-
cedure could not be applied to this test series. The test beams were
-1-
cooled and five cycles of loading were applied statically after each tem-
perature reduction. The number of load cycles was arbitrarily choosen and
has no special significance.
This report summarizes 'the results of the beam tests and material
characterization. The fracture resistan-ce of each test beam was compared
to the material test data.
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2~ DESCRIPTION OF THE TESTS
2.1 Test Specimen
A total of twenty-six specimens were tested; sixteen rolled W14x30 beam
specimens with welded coverplates and ten welded beams of the same size with
lateral attachments. The dimensions of the test specimens are shown in
Fig. 1. The beam specimens had been cyclically loaded during a previous
project to investigate the fatigue strength of welded details. (1,2,3) As a
result each beam contained one or more fatigue cracks.
The rolled 'beams and the coverplates had been made, of A36 steel as
follows: The coverplates were first tack welded to the flanges along the
center third of the coverplate. No tack welds were made in the vicinity of
the ends of the coverplates. The ~-in (6 mm) longitudinal welds along each
q
side of the coverplate were made simultaneously -usi~g the automatic sub-
merged arc process. The welds at the ends of the coverplates were made
manually.
The components of the welded beams were all fabricated from A441 steel.
They were flame cut to size after which the weld areas were blast cleaned.
All longitudinal fillet welds joining the flanges and the webs of the beams
were made by the automatic submerged arc, process. The attachments were
manually 'welded to the beams.
During the fatigue tests these beams were loaded with cyclic loads at
260 or 510 cycles per minute. The fatigue testing was done 'at room tempera-
ture. The majority of these fatigue tests were stopped when the flanges
were about 75% destroyed. During fatigue testing, the applied load was
kept constant. Because of the reduction of the cross section during crack
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growth, the stress in the critical section and also the deflection increased.
In Table 1 the maximal fiber stress during precracking of the net section
is given. Highlights of these previ~us tests are summarized in Tables 1
and 2. After these fatigue tests, the bsams were ·stored at room tempera-
ture indoors between 5 and 10 years.
2.2 Test Setup and Cooling System
The beam fracture tests described herein were conducted in the 300k
machine at Fritz Engineering Laboratory, Lehigh University. The test span
varied in each test between 6 ft (108 m) and 10 ft (3 m) depending on the
beam length and crack location. Due to the loading system limitations the
cracked section could not be placed at the point of maximum moment "(see
Fig. 2). The maximum moment· occurred at midspan of the beam. The maximum
applied" load was therefore limited by the plastic resistance of the section
at midspan.
Each beam was cooled from room temperature to the desired temperature
with liquid nitrogen. The section to be cooled was completely enclosed in
a styrofoam box which was sealed with sealing compound and duct tape. A
copper tubing network was used inside the box to spray the top and both
sides of the beam ·with liquid nitrogen from a pressurized dewar. By
regulating the pressure in the dewar, the steel temperature could be
reasonably controlled. The cooling" network and the test setup are shown in
Fig. 2 and Fig. 3.
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2.3 Instrumentation
The temperature inside the cooling box was monitored with four electri-
cal resistance temperature gages. These gages were mounted on small steel
plates, 0.06 in x ,1.5 in x 1.5 in (1.5 mm x 40 mm x 40 rom). These plates
were clamped on the underside of the lower flange. To eliminate the tran-
sient effects, the outer surface·of the plates was covered with a ~-in
(13 mm) thick block of styrofoam insulation. The locations of the tempera-
ture gages are shown in Fig. 2. The gages ~ere positi6ned to avoid direct
contact with the liquid nitrogen in order to assure accurate surface
temperature~readings. The temperature was recorded manually every five
minutes. The applied load was measured with a load cell. The magnitude
of the load was recorded as a function of time on a magnetic tape. The
actual load cycle was reconstructed after the test with the aid of an
x-y plotter.
2.4 Test Procedure
In each test, the beam was initially cooled from room temperature to
about -40°F (-40°C). This temperature drop was done very slowly to obtain
a uniform surface temperature.
The load was applied at a loading rate of about 1.1 kip/sec (5 kN/sec),
which produced a bending moment of 40 k-in/sec (4.5 kNm/sec) at the critical
section. The maximum load was reached in about 40 sec. When no fracture
occurred, the section was cooled down an additional '20°F (11°C) and the
loading procedure was repeated [i.e., -40°F to -60°F (-40°C to -Sloe)]. The
beam was loaded when the standard deviation of the temperature of the four
gages was smaller than two times the standard deviation at room temperature.
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A temperature within +SoC (±3°C) was attained. A typical test sequence is
shown i~ Fig. 4.
The bending moment at the critical uncracked cross section due to the
applied load was about 0.8 times the yield moment (= 0.7 times the plastic
moment) for the A36 steel beams and O~50 times the yield moment (= 0.45
times the plastic moment) for the A44l·steel beams. The yield moment, M;,
o
and the plastic moment, M , are the moments for the uncracked sectionp
(gross section) at room temperature.
crys (1)
MO = Z crp 0 ys
where S = elastic section modulus of the uncracked section
0
Z = plastic section modulus of the uncracked section0
cr = static yield stress at room temperature (see Table 3).ys
(2)
The elastic section modulus of the uncracked cross section, S , is 41.9 in3
o
(6.87xl03 nuns) for the rolled A36 steel beams and 52 e 2 in3 (8.55xlcJ3 mms)
for the welded A441 steel beams.· The plastic section modulus·of the uncracked
cross section, Z , is 47.2 ins (773xl03 roms) for the rolled A36 steel beams
o
and 5907 ins (978xl03 mms ) for the welded A441 steel beams.
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3. :MA.TERIAL CHARACTERIZATION
For the purpose of material characterization Standard Charpy V-Notch
and .compact tension tests were carried out on each grade. of steel. Mill
test data for each type of steel was also available. The chemical composi-
tion, mill test data and data obtained at Lehigh University are summarized
in Tables 3 and 4. A brief description of the experiment procedure and
the test results are presented below.
3.1 Charpy V-Notch Impact Tests
In or,der to determine the macro.scopic brittle-ductile transition be-
havior of the material, conventional ASTM Standard E23-66 Type A Charpy
V-Notch specimens(14) were prepared for each type of steel. The specimens
cut from one beam flange of each type of steel were all transverse (L-T)
with notch direction perpendicular to the rolling direction. The results
are given in Table 5 and in Fig. 5. The 15 ft-lb (20 Joule) transition
temperature· for the A36 steel is at -5.5° F (-21 0 C) and for the A441 steel
at -17 0 F (-27° C) •
The dynamic Charpy V-Notch test results were used to estimate the
critical plane-strain stress intensity factor in the lower shelf and in
the transition-temperature region. The relationship between the energy
absorption (CVN) and the critical plane-strain stress intensity factor was
developed by Barsom(7) and is given in Eq. 3
K = [A E (CVN)]1/2ID
A is the constant of proportionality and is about 5 for steelo CVN is
the Standard Charpy V-Notch impact test value in ft-lb, E is the Young's
modulus in psi and KID is the critical dynamic plain-strain stress intensity
-7-
factor in psi/in. Equation 3 is valid in the transition temperature region.
For the lower shelf region KIn is assumed to equal 25 to 30 ksi/in. (27.5 to
33 MPa/m) when the CVN energy absorption is less than 5 ft-lb (6.8 Joule) 0
The static plane-strain stress intensity factor, Krc ' can be 'obtained
by use of a temperature' shift as given in Eq. 4.
Tshift
Tshift = 215 - 1.5 0YS
temperature shift (oF)
(4)
ayS = static yield strength at room temperature (ksi).
The temperature shift is 158°F (88oe) for the A36 steel and 129°F (72°C)
for the A441 steel. Kr-values obtained by th~s procedure are shown in
Fig. 6 for both investigated steelsa
A more detailed relationship between the critical plane-strain stress
intensity factor and the Charpy Impact value was recently developed by
Hoffman. (10) With a statistical analysis of available test data the
following relationship could be found.
cKIn = A (CVN)
The constants A and C depend on .the grade of steel and are A = 39 and C
0.123 for the A36 steel and A = 45 and C = O.16·for the A441 steel. In
(5)
Eq. 5 CVN is given in ft-1b and KID in ksi/in.The relationship given in
Eq. 5 is valid in the lower shelf region and up to the inflection point of
the energy absorption-temperature curve of the Charpy tests.
The statical plane-strain stress intensity factor is again obtained by
shifting the dynamic values by 158°F (8Soe) for the A36 steel and by 129°F
(72°C) for the A441 steel. The obtained stress intensity factors are shown
in Fig, 7.
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3 0 2 Compact Tension Tests
3.2.1 Test Procedure
Compact tension tests similar to those described in ASTM method E399(13)
were attempted to determine static K -values. The specimens, cut from theC
beam flanges were all transverse (L-T) with notch direction perpendicular
to the rolling direction.
The dimensions of the compact tension specimen were 2~ in (63.5 mm) by
2-3/8 in (60.3 rom); the thickness was 0.355 in (9 rom). The E399 method
requires a minimum thickness of
K a
B > 2. s( erIC)
y
(6)
to ensure elastic plane-strain behavior. cr is the yield stress for they
given loading rate and temperature and can be estimated by Eq. 7
174000
T = specimen temperature (oF)
(7)
t = load rise time for test, time from start of load to fracture, (sec)
O"YS = yield stress for T = tcf F and t = 60 sec (ksi)
Because of the limited thickness of the flange [tFt = 0.383 in (9~7 mm)] it
was ~ot possible "to fulfill the above requirements, Eq. 6. The tests are
therefore not valid tests according to ASTM E-399. The obtained K-values
are not the critical plane-strain values KIC •
The specimens tested at temperatures highe-r than -150°F (-100°C)
exhibited nonlinear load displacement characteristics. For these specimens
. (7 12 16) (7 11)
an analysis was made with the J-1ntegral ." and with the COD '
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(crack opening displacement) method only. The K-values estimated from the
J-integral and COD are not critical plane-strain stress intensity factors.
However, they can be regarded as critical stress 'intensity factors, KC for
the given specimen size and thickness~
The critical plane-strain stress' intens·ity factor can be estirn'ated
using the ~IC correction~7) The ~rc correction estimates the relationship
between Kc and K1C for conditions intermediate between plane-stres-s and
plane-strain conditions. The ~IC correction given in Eq. 8 and 9
K a
~ a = 1(...1Q)
Ie B C!y
(8)
(9)
should only be applied if e
rC in smaller than ~nity. (15) For temperatures
higher than -lSOoF (-llSoC) ~rc is greater than unity for the A36 steel;
the K1C value at this tem-perature is 36 ksiJin (3905 MPa/m). For A441
steel ~rc is greater than unity for temperatures higher than -210°F
(-134°C). At this temperature the critical plane-strain stress intensity
factor is 52 ksifin (57.1 MP~m).
The results from the compact tension tests, KC' are sho'Wn in Figs. 8
and 9. The critical plane-strain stress intensity factor is calculated
using the ere correction. Krc values are calculated with ere values
larger than 1.
The maximum 'load in these ·tests was,re-ached in 30 sec to 60 sec.
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3.2.2 J-Integral Analysis
When the material exhibits significant elastic-plastic behavior in the
crack tip region linear elastic analysis (Ke after ASTM E-399) is no longer
applicable. A method proposed to handle such elastic-plastic behavior is
the J-integral of Rice~16) The J-value in a function of the geometry, load,
load rate and displacement. For compact tension specimens, J can be
calculated from the Eq. 10(12)
2AJ = - qBb
where A = area under the load-displacement curve up to the failure load/
displacement
B = specimen thickness
q = a near unity correction factor assumed here to be unity
b = remaining ligament (b = W-a)
W = width of compact-tension specimen
a = crack length.
Estimates of Ke can be calculated from the -relationship given in Eq. 11
(1-J1 ) K 2
JC
C
= E
(10)
(11)
The J-integral analysis is applicable to plastic behavior, linear or nonlinear.
3.2.3 Crack Opening Displacement Analysis
It is also possible to estimate the K-value for elastic-plastic
behavior with the COD method~ll) With this method the ~lastic-plastic
opening at the crack tip is determined and related to the material toughness.
The opening at the crack tip is expressed in the following equation
--11-
COD
~ (w - a)
c
W + 2a + 3z (12)
The values in Eq. 12 are defined in Fig. lao ~ is the maximum opening
c
measured with the clip gage at the moment of unstable crack extension. The
distance to the center of rotation is assumed to be' 1/3 of the remaining
ligament. (11) The material toughness is estimated from the COD value by
the relationship
3.3 Comparison
= (:C)2
,y
(13)
The compact tension test results were analyzed by the J-integral and
by the C'OD method. In Figs. 8 and 9 each test is therefore represented
by two data points. In these figures the K-value from the J-integral and
COD method are compared with the Krc-value from the Charpy tests. Because
of the different fracture modes, plane-strain and plane-stress, the values
from the COD and J-integral were expected to be higher for a given tempera-
ture than from the Charpy tests.
The KC-value determined with the compact tension specimens rises
faster with increasing temperature ,than estimated K valuese Both theIe
plane stress fracture mode and fibrous-cleavage transition tend to elevate
KC with increasing temperature.
In the temperature range -of the measurements, the amount 0'£ solow
stable' (fibrous) cracking was very small; about 2 percent of crack size at
the highest test temperature and scarcely measurable at the lower' tempera-
tures. Thus, the' abrupt onset of cleavage fracturing was clearly the
measurement point of interest relative to fracture toughness.
-12-
In addition, it was assumed that the toughness of interest should
reflect an influence of loss of plane-strain typical for each plate
thickness. Thus, in the toughness specimens, (W-a) values of about one
inch were used which was always much larger than plate thickness. The
results were designated J (or K ) so that crack front conditions of
c c
plane-strain would not be inferred from the symbol.
The Barsero equation for estimating Krc from CVN generally gives con-
servative estimates in the range from 5 ft-lb (6.7 Joule) to the approxi-
mate inflection point of the CVN versus temperature curve. Equation 3
should not be used above this limited range. The main body of data used
to develop the Barsaro correlation employed materials with yield strength
above those normal for A36 steel. For A36 steel, and certain other steels,
the rise of CVN with increasing temperature in the transition range is
very rapid and the Krc estimates at the upper limit of the estimation
range may not be conservative .
. The tendency of CVN versus temperature to rise rapidly in the transi-
tion range causes Krc estimates from Eq. 3 to increase in that range more
rapidly than one finds from direct K
rc
measurements. This was noted by
Cortens and Sailors who attempted to compensate by making KI~' estimated
f ·· 1 ( )0.75rom CVN, proport1ona to CVN • Thus, as an indication of the trend
of Krc with temperature, the shape of the curve of Krc (from CVN) versus
temperature becomes a poor indication of expected values beyond the upper
limit range of the estimation equation.
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4. FRACTURE TESTS
4.1 Crack Shape
The shape of a fatigue crack in a welded detail depends to a great
extent on the detail type. Along the transverse and weld of a coverplate
.detail the crack will generally initiate from many origins. As such the
resulting crack can become a three-ended crack by growing throug~ the flange
thickness and entering into the web as shown in Fig. 11. Here the crack
is approximately centered with the tension flange about 70% destroyed. It
is also possible for one crack front to reach the edge of the flange and the
crack changes into a large two-ended crack as shown in Fig. 12.
In the previous project the details investigated were 4 in (102 rom)
or 8 in (203 rom) long attachments which produced different crack shapes.
Some cracks started at the transverse weld toe of the attachments and grew
as an edge crack; others developed as a part through crack where the crack
origins were along the inner edge of the weld. During crack growth the
cracks usually coalesced and formed either a large part through crack or a
through crack. The tension flanges were· normally between 50% and 90%
destroyed (Fig. 13).
In all fracture tests the remaining ligaments fractured in a brittle
manner and caused the crack to penetrate into the web, .. In the web the cracks
usually moved at an angle of about 60 degrees (Fig. 14) and quite often
branched into several paths. These cracks usually did not fracture the
upper flange because the temperature was higher in the upper web and the
beam was unloaded as soon as the de'£lection increased.
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4.2 Crack Surface
Two zones of the cracked surface can be distinguished: The fatigue
crack zone and the rapid fracture zone.
The fatigue zone is generally flat except near the outer edge of the
flange where different nucleation sites lying in different planes perpen-
dicular to the beam axis initiated the crack. During the stable fatigue
crack growth stage the cracks coalesced and exhibited typical fatigue river
patterns. When the crack penetrated through the flange small shear lips
[about 0.02 in (0.5 mm)] -were visible.
During fast fatigue crack growth the fracture mode changed sometimes
from flat to slant·fracture appearance for large edge cracks because the
stress intensity factor and the plastic zone size increased. The angle
between the crack front and the applied stress changed from 90° to about 45° .
The second zone has a rough surface and chevron marks are clearly
visible on the web surface. The zones in the flange are too small to show
chevron marks and shear lips are not present. From the tests during the
previous project the beams were still whitewashed to make the small cracks
better visible. Whitewash surface coating is missing close to the crack
edge on the flange 'surface perpendicular to the fractured surface, which
confirms the" presence of yielding.
4.3 Beam" Test Analysis
4.3.1 Introduction
In order to compare the results from individual beam tests with typical
material properties the critical stress' intensity factor has to be estimated
-15-
for each beam fracture. Using linear analysis the K-value can be expressed
as'!! sum of the four terms (5) as given in Eq. 14
(14)
The subscripts in Eq. 14 represent various contributions to the critical
stress intensity. These include contributions from the applied stress, KAS ;
the 'residual stress from the rolling and cooling procedure or caused by
In most of the A36 steel beams the crack in the flange can be approxi-
mated as a large center crack under uniform tension as shown in Fig. 15.
For this model the following assumptions have to be made: The crack front
is straight and perpendicular to the flange; the only stress acting on ,the
crack comes from the applied load and it is constant over the flange area.
The, edges of the beam flanges can be idealized as being guided
(constrained) or free. The coverplate and the attachments welded on the
_beam and also the web tend to restrain the beam from secondary bending.
For the through crack, the stress intensity factors are given in Eq. 15
and Eq. 16~4) For guided (restrained) edges, the stress intensity factor
is given in Eq. 15
( rra)1/2K= 0'\2b tan 2b
and for free edges
1/2
K = Cl'(TTa)1/2( 1 TTa) (1 - O.025(a/bi + O.06(a/b)4]
cos 2b
-16-
(15 )
(16)
The model with restrained edges yields a lower bound solution; the model
which allows the edges to bend freely gives an upper bound solution for the
stress intensity factor.
At the crack tips where stresses exceed the elastic limit plastic
d·eformation occurs which creates plastic zones surrounding the crack tip.
The size of the plastic zone, r ,y can be estimated(17) as 2r wherey
(17)
where cry is the yield stress at the critical temperature and loading rate.
It has been proposed that this produces a pseudo crack length a of
(18)
where a' is the physical crack length.
Equations 15, 16 and 18 have to be solved using an iterative procedure.
An initial K-value can be calculated by letting r y be zero. From the result-
ing K-value an improved r y can be calculated and a new stress intensity
factor can be determinedo
A preliminary calculation showed that after a few iteration cycles the
pseudo crack size was bigger than the plate width. This indicated that the
remaining ligament was fully plastic due to the applied load.
4.3.2 Stress Intensity Calculation
However, a lower bound for the stress intensity factor can be esti~
mated with a graphical procedure. From Eq. 15 follows that for restrained
edges
-17-
1 TTa
2IT tan 2b (19)
and for the plate with the free edges (from Eq. 16)
2
O.025(a/b)2+ O.06(a/b)4] (20)
The expression at the left side is identical to the plastic zone size
divided by the width of the plate~ The functions
1 118
f(a/b) = 2~ tan 2b (21)
1
and f(a/b) a=----4b (22)
are plotted in Fig. 16. For a given applied stress and crack size the
value f can be determined graphically. The .stress intensity can then be
calculated with Eq. 23
i3 2: 4rr b f cf
If the straight line in Fig. 16 given by the points (a /b) and
o
(cr/cryf intersects the graph f(a/b) the obtained solution is exact. If
there is no intersection the value of ~ is estimated from the tangent
(23)
parallel through the points (ao/b) and (cr/cry )2. The so obtained solution
is a lower bound.
From Fig. 16 it can be seen that difference in the stress intensity
factor between the model with free or restrained edges is very small.
Only for small crack length and where the straight line intersects the
curve £(a/b) there .is a difference. The same procedure can also be applied
to large edge cracks (Fig. 17) for which the stress intensity factor is
given by Eqs. 24 and 25.
-18-
1/2(2b na)1/2 0.752 + 2.02 alb + 0.37(1-Sini£)~
K = cr(rra)·· 118 tan 2b ITa (24)
cos 2b
1/2
K = cr (2b tan ~~) (25)
Equation 24 is valid for free edges and Eq. 25 is applicable to restrained
edges. Because the plate with an edge crack is assymmetric the plate
bends much more and therefore the influence of restraining the edges is
much larger than observed for the through crack (see also Fig. 18).
Contributions from the residual stress, local details welds and from
the web restraint are neglected in this analysis.
4$3.3 Plastic and Yield Moment
In the preceding section it was noted that the critical section was
at least partially yielded. The plastic moment and the yield moment of the
cracked section (net section) will therefore be compared with the applied
moment.
The plastic moment, M , at a given temperature and loading rate isp
calculated by Eq. 26
(26)
where Z = plastic section modulus of the cracked section
cry = yield stress at a given loading rate and temperature, calculated
in Eq. 6.
For the plastic moment it is assumed that the cross section is fully
plastic and therefore a plastic hinge forms there. The plastic moment is
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the maximum moment the cross section can theoretically resist neglecting
strain hardening effects.
For the yield moment, M , the cross section is still elastic, the mosty
stressed fiber reaches the yield stress. The yield moment at the given
temperature is calculated by Eq. 27
M = Sy
where S = elastic section modulus of the cracked section
(27)
cr = yield stress at a given loading rate and temperature, calculatedy
in Eq. 6.
In Table 4 it was noted that the yield stress varies for the flange,
web and coverplate. For these calculations the static yield stress for the
flange material is used.
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5. RESULTS AND COMPARISON
In this section the measured beam test results are compared with the
material tests. The results from the beam fracture tests at low temperature
are summarized in Table 6 for the A36 steel beams and in Table 7 for the
A441 steel beams.
Two characteristic quantities are compared: the yield and plastic
moment and the stress intensity factor.
5.1 Yield and Plastic Moment
The applied moment devided by the plastic and yield moment from.the
cracked section" is given in Tables 8 and 9 and is also plotted in Figures
18 and 19 as a function of the temperature. The full plastic moment,
given in Eq. 25, at the critical temperature and strain rate could never
be reached because of the presence of the fatigue crack. There is a large
stress concentration around the crack tip; this stress concentration
elevates the local stress so that local yielding and also fracture occurs
before the full plastic moment is developed. For A36 steel the yield
moment at the critical temperature and strain rate calculated with Eq. 26
was exceeded in some cases. The corresponding ratios for the A441 steel
beams are lower than for the A36 steel beams.
The gross section (uncracked) fiber stress at fracture for the A36
steel beams was between 0.64 times the yield stress and· 0.92 times the yield
stress. These values are also given in Table 1.
The A441 steel beams fractured at a fiber stress of the gross section
(uncracked) between 0.3 times the yield stress and 0.51 times the yield
stress, see Table 2.
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At fracture the applied moment was less than the calculated moment
for fully plast~c behavior. The calculated moment for start of yielding
in the flange was sometimes larger and sometimes smaller than the applied
moment at fracture. However, appearance aspects suggested considerable
yielding of the net ligament of the flange occurred, eithe~ before or during
final fracture.
Also given in Tables 8 and 9 are the ratios of the section moduli
of the uncracked and cracked section. The shape factor, the ratio of the
plastic and the elastic section modulus is not constant for the different
specimen. The shape factor is influenced by the shape of the fatigue
crack. It varies-between 1.25 and 3.0 for the cracked section, for the
uncracked section is 1.14.
5.2 Stress Intensity
5.2.1 Comparison
The beam fracture stress intensity estimates were correlated with the
static material characterizations. Most of the beam fractures occurred at
temperatures below -liOoF (-79°C).
The 'K estimates from the beam test as a function of the temperature
are compared with the material characterization in Figs. 21 and 22 (see
also Tables 10 and 11).
For each beam two results .are shown: an upper limit and a lower limit.-
The higher stress intensity for a given beam was calculated using the model
with free edges (Figs. 15 and 17) the lower bound was calculated using the
model with restrained edges. For beams with coverplate details it is
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believed that the true K value lies near to the estimate with restraint
edges because the coverplates add additional stiffness at the cracked
section. The attachments we14ed on the beam flanges provide much less
stiffness, so that the true K-value is near the model with unrestrained
edges.
From Figures 21 and 22 it can be seen that esti~ated stress intensity
factors for the beams are all greater than the plane-strain stress intensity
factors (K
rc
) determined by the compact tension and the Charpy V-Notch tests.
The stress intensity factors from the beam tests for the A36 steel
are greater than the critical stress intensity factors from" the compact
tension tests (KC). For the A441 steel beams this is not always the case
as can be seen from Fig. 22.
Only three beam fractures resulted in Kc estimates smaller than the
values expected from fracture test specimens. These were all A441 steel
beams. Examination of sections, see Table 2, for these (A4Bl, A4B4 and
A8B3) shows that the uncracked regions were very small and of peculiar
shape. Two of these beams broke at the highest applied temperature.
There are several reasons why the beam tests yielded higher results
than the material tests. The principal reasons are the ·different fracture
modes, warm prestress effects and crack front irregularities. In the
following three sections these contributions are discussed.
5.2.2 ·Fracture Mode
Fr&cture mode changes with thickness of the test specimen. Thick
specimens generate large transverse stre~ses in the direction parallel to
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the crack front. The transverse stress creates a three dimensional stress
state and restrains the zone of plastic deformation at the crack tip.
The more material that is deformed plastically, the higher the K value. (6)
Material characterization tests require use'of a substantial (minimum)
thickness in order to obtain significant transverse stress so that plane-
strain conditions are present to give a minimum stress intensity factor -
the Krc value. Figure 23 shows the 'fracture mode transition from plane-
strain to plane-stress. The ratio between the critical plane-strain Krc
value and the critical plane-stress K
c
value is between 2 and 3 for A36
and A441 steel~10)
The flanges of the beams were thin so that the stress condition was
almost plane-stress. Plane-strain stress intensity factors from the beam •
test would therefore be 2 to 3 times smaller.
5.2.3 Warm Prestress Effect
"Warm prestress is defined as a procedure of subjecting the specLmen
to a preload or prestress under conditions where its fracture resistance
is inherently high in order to increase the fracture resistance under
subsequent conditions where the fracture resistance would otherwise
be low." (after Ref. 8)
When the beam was loaded the first time at a temperature pf about -40°F
(-40°C) it usually did not break because the material toughness was higher
than the resulting K value at the"crack tip. The 'five load cycles at the
-40°F (-40°C) temperature resulted in the beam being warm prestressed for
the following loads at the next lower temperature. These loads affected
the beam behavior of the beam in the following way~8,9)
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- The crack tip underwent plastic defor~ation and lost its effective
sharpness.
- Local residual compression stresses were introduced upon unloading
which reduced the effective crack tip stress on subsequent reloading.
Strain. hardening leading to an increase in the yield strength of the
material around the crack tip is likely to occur.
When the beam was cooled down further, the fracture toughness would
be expected to decrease. During the following load cycles the -beam did
not fracture at the expected load because of the warm prestress effect.
The expected influence of the war~ prestress effect is to elevate KC to
a value in between KC fo~ the test temperature and KC for the previous
applied loads. However, the warm prestress influence, present from a higher
temperature test, was reduced by each subsequent loading at a lower
temperature. The expected final KC is believed to be intermediate between
KC for the final fracture temperature and Kc for the next higher previous
test temperature. The effect of warm prestress is also presented in
graphical form in Fig. 24.
5.2.4 Crack Front Irregularities
For the analysis of the through crack the assumptions were made
that the fatigue crack is centered relative to the -web line, that the crack
front is straight and perpendicular to the flange surface. In reality the
fatigue crack is usually slightly off center. For an off center crack
the stress intensity factor is slightly larger than for a centered crack.
However for small deviations this effect can be neglected.
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The crack front is not straight; the fatigue crack for center cracks
is longer on the outside of the beam than on the inside. For the calcula-
tion the average crack size was taken for further calculations.
Furthermore it was assumed. that the applied stress is constant over
the thickness of the plate. Because the average applied stress on the beam
flange ~s less than the stress introduced in the calculation and the effec-
tive crack length is longer than that taken in the calculation, the cal-
culated stress intensity factdr is somewhat smaller than the effecti~
stress intensity factor.
The residual stresses and stresses from local welding which also
contribute to the stress intensity factor as indicated in Eq. 14 were
neglected. It is possible that·some or all ·of the residual stresses have
been eliminated during fatigue precracking at room temperature. During
the fatigue tests and the fracture tests, plastic zones were formed around
the crack tips. In these plastic deformed zones the residual stresses
were wiped out.
With regard to loading of pressure vessels, it was conjectured long
ago that a pressure load which did not cause ,failure at, say, room tempera-
ture, would not cause failure if repeated at any lower temperature.
Currently this conjecture is .regarded as one aspect of influences of
11warm prestressinglf • Careful testing with fracture specimens has shown
that fracture does not occur due to low temperature so long as the K
value remains fixed (or decreases) during the lowering of the temperature.
However, if the specimen is unloaded after the room temperature loading,
and if the next loading occurs at the selected low temperature, fracture
may occur prior to attainment of the room temperature load if the selected
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temperature is sufficiently low. The failure load at the low temperature
can be made to be nearly independent of warm prestress effects if the crack
tip is 1t resharpened1t by fatigue prior to the low temperature loading. In
the experiments reported here, the load used in the highest temperature
test was also used in the tests at successively lower temperatures.
The loading was repeated five times; then, if fracture did not occur,
the temperature was dropped by about 20° F (110 C) ,for application of the
next loading trials. This method of loading would reduce the influence
of warm prestressing. The amount of the residual warm prestress influence
tending to increase the KC value estimates for the beam tests is uncertain.
However, examination of the test specimen loading histories, given in
Tables 1 and 2, shows that a rather large temperature decrease was required
in every beam before final fracture was achieved. Several exceptions
occurred with A441 beams in which the unbroken net section was substantially
less than half of the tension flange area.
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6. CONCLUSIONS
This report summarizes the results of fracture tests of welded and
, rolled W41x30 ,beams of A36 and A44l steel with large fatigue cracks in
their flanges. The fracture resistance of the fatigue cracked welded de-
tails was correlated with fracture control tests made on the same material.
The following observations can be made:
1. Application of a constant bending moment was repeated at succes-
sively lower ternperatures'~ All except one of the A36 steel beams
fractured at temperatures below -140° F (-95 0 C). The critical
precracked cross sections resisted an applied bending moment be-
tween 0.43 times and 0.87 times the plastic moment. This corres-
ponds to an applied nominal bending stress between 0.64 times and
0.92 times the yield stress calculated on the uncracked gross sec-
tion. The A441 steel beams fractured at temperatures below -110° F
(-79° C). The precracked cross sections resisted bending moments
between 0.2 times and 0.84 times the plastic moment. This corres-
ponds to an appliea nominal bending stress between 0.3 times and
0.51 times the yield stress calculated on the uncracked gross
section.
These are temperatures lower than expected service temperatures'
for bridge structures.
2. Estimated stress intensity factors based on the applied stress
from the beam tests all exceeded the material toughness. One
reason is the different fracture mode: Due to the relatively small
thickness of the flange· the fracture mode was plane~stress versus
plane-strain for the material characterization.
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Another reason is the influence of warm prestressing: Loading at
the higher temperature blunted the crack tip and introduced com-
pressive stresses upon unloading. The yield stress may have also
increased as a result of cold deformation. These factors in-
creased the fracture resistance of the beam tests.
3. The full plastic moment at the critical temperature and strain
rate of the cracked section could never be obtained because of
the presence of the large fatigue crack. The ratib between the
applied moment at failure and the full plastic moment is between
0.43 and 0.87 for the A36 steel beams and between 0.2 and 0.84 for
the A441 steel beams.
4. Plastic zones around the crack tips were so big for center cracks
that fast unstable fracture occurred after yielding the remaining
ligament of the· flange. Linear elastic fracture mechanic was
therefore not fully applicable and a graphical method was used.
The estimated stress intensity factor is a lower bound solution.
5. Edge cracks were so big that they ended in the web and in the
flange. Two dimensional solutions for stress intensity factors
h~dt0be modified to obtain the critical stress intensity factors.
6. The fatigue cracked welded details all provided fracture resis-
tance that equaled or exceeded the fracture toughness of fracture
control tests.
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7 • NOMENCLATURE
A area under the load-displacement curve, a constant
FFt area of the flange
ALi area of the remaining ligament
a pseudo crack size (a = a' + r y )
at physical crack size
B thickness of compact tension specimen
b plate width~
C exponent in Eq. 5
CVN Charpy V-Notch impact test value
COD crack opening displacement
E modulus of elasticity
f amplification factor defined in Appendix A
f a value defined in section 4.3.2
J energy release rate per unit crack extension
K stress intensity factor
KC critical stress intensity factor
K1C critical static plane-strain material toughness
KID critical dynamic plane-strain material toughness
KAS stress intensity contribution from' applied stress
KRS stress intensity contribution from residual stress
KLW stress intensity contribution from local weld
KwR stress intensity contribution from web restraint
MA applied moment
M plastic momentp
MO plastic moment at room temperaturep
MY yield moment
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pq
8
·8
o
8
max
s .
ml.n·
T
Tshift
t
w
z
z
o
z
yield moment at room temperature
number of cycles
applied load
correction factor in Eq. 10
radius of plastic zone
plastic section modulus of the net section
plastic section modulus of the gross section
maximum stress
minimum stress
temperature
temperature shift
loading time
flange thickness
displacement
width of compact tension specimen
plastic section modulus of the net section
plastic section mo.dulus of the gross section
a di$tance defined in Fig. 10
a factor defined 'in Eq. 8
critical crack opening
strain at yield stress at temperature T and loading rate t
Poisson's ratio
cr applied stress
rJy effective yield stress
O"YS the 0.2 offset tensile
static loading
bar yield stress at room temperature with
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Table 1 Testing Procedures, A36 Steel Beams
Applied**
Beam* Time Temp. Moment MA Applied Moment Load HistoryNumber (min) T (oF) (k-in) Yield Moment*** Fatigue Test
eTA 131 pre-crack RT 0.29 S =-6 ksi
0 61 minS =10 ksi50 -74 5*1178 -0.81 max
65 -103 5*1178 0.81 N=O •32Olx 1<1'
80 -131 5*1178 O~81
95 -153 2*1178 0.81
-153 1079.4 0.74
eTA 132 pre-crack RT 0.29 S · =-6 ksi
0 60 ml.nS =10 ksi60 -73 5*1178 0.81 max
85 -99 5*1178 0.81 N=O.3919xlOS
110 -130 5*1178 0081
130 -153 5*1178 0.81
155 -165 5*1178 0.81
165 . -173 1079.4 0.74
eTA 133 pre-crack RT 0.29 S · =-6 ksi
0 65 m~nS =10 ksi60 -75 5*1178 0.81 max
85 -107 5*1178 0.81 N=O.2655xl<J3
115 -133 5*1178 0.81
145 -157 5*1178 0.81
165 -170 2*981 0.68
938 0.65
eTA 141 pre-crack RT 0.41 S · =-6 kai
0 68 m1nS -14 ksi45 -55 5*1081 0.75 max
60 -108 5*1081 0.75 N=O • 1603xlae
75 -161 921.8 0.64
eTA 142 pre-crack RT 0.41 S · =-6 ksi
0 65 ml.nS =14 ksi90 -76 1*1177 0.81 max
N=O •1212xlOS
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Table 1 Continued
Applied**
Beam* Time Temp. Moment MA Ap'plied Moment Load HistoryNumber (min) T (oF) (k-in) Yield Mome'nt*** Fatigue Test
CTA 143 pre-crack RT 0.41 S · =-6 ksi
0 65 m~n
70 -81 5*1178 0.81 S =14 ksimax
·80 -116 5*1178 0.81 N=O.1226xlO6
95 -152 5*1178 0.81
155 -175 1*1138.3 0.75
eTA 151 pre-crack RT 0.52 S '. ==-6 ksi
a 65 m~nS =18 ksi55 -71 5*1178 0.81 max
85 -103 5*1178 0.81 'N=O.0807xlcF
115 .. 130 5*1178 0.81
135 -151 1*1118.7 0.77
eTA 152 pre-crack RT 0.52 S · =-6 ksi
0 63 m1nS =18 ksi105 '-139 5*1178 0.81 max
130 -161 5*1178 0.81 N=O.10S x loB
170 -180 5*1178 0.81
190 -210 2*1178 0.81
1178 0.81
eTA 153 pre-crack RT 0.52 S • =-6 ksi
0 65 m1.nS =18 ksi40 -55 5*1178 De 8l max
65 -83 5*1178 0.81 N=O. 0833x lOS
85 -113 5*1178 0.81
105 -138 5*1178 0.81
125 -152 5*1178 0.81
140 -167 5*1178 0.81
160 -178 5*1178 0.81
195 -230 2*1178 0.81
1119.1 0.77
TVA 332 pre-crack RT 0.66· S · =10 ksi
0 61 m~nS =22 ksi40 -76 1*1178 0.85 max
65 -72 4*1178 0.85 N=2.655xlOs
90 -100 5*1178 0.85
110 -143 4*1178 0.85
1178
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Table 1 Continued
Applied**
Beam* Time Temp. Moment M
A
Applied Moment Load History
Number (min) T (oF) (k-in) Yield Moment*** Fatigue Test
TVA 341 pre-crack RT 0.86 S · =10 ksi
0 68 m~n
45 -48 5*883 0.64 S =28.6ksimax
70 -81 5*883 0.64 N=O.8182xlQ6
100 -101 5*883 0.64
130 -126 5*883 0.64
160 -147 5*883 0.64
190 -165 5*883 0.64
-158 975.4 0.7
TVA 342 pre-crack RT 0.86 S · =10 ksi
0 64 m~n
S =28.6ksi65 -79 5*1178 0.85 max
90 -126 5*1178 0.85 N=O.962xlOS
120 -159 5*1178 0.85
140 -172 5*1178 0.85
165 -192 5*1178 0.85
180 -198 5*1178 0.85
4*1375 0&99
190 -203 5*1178 0.85 No fracture
TVA 352 pre-crack RT 1.05 S · =10 ksi
0 61 ml.nS =34.8ksi60 -59 5*1178 0.85 max
90 -83 5*1178 0.85 N=O.3434xl<J6
120 -128 5*1178 0.85
150 0148 5*1178 0.85
165 -167 1079.8 0.78
..
PVA 351 pre-crack RT 0.75 S · -lOks i
0 63 m~nS =24.8ksi45 .. 56 5*1178 0.85 max
75 -87 5*1178 OG8S N=O.2193xlCS
95 ..:.111 5*1178 0.85 No fracture
63
0 63
65 -103 5*1178 0.85
95 -129 5*1178 0.85
115 -135 5*1178 0.85
135 -162 5*1178 0.85
155 -184 3*1178 0.85
1178 0.85
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Table 1 Continued
Applied**
Beam* Time Temp. Moment MA Applied Moment Load HistoryNumber (min) T COF) (k~in) Yield Moment*** Fatigue Test
PLA 252 pre-crack RT
0 63
40 -49 5*884 0.64
70 -70 5*884 0.64
85 -100 5*884 0.64
130 -158 5*884 0.64
150 -177 5*884 0.64
165 -191 5*884 0.64
1276 0.92
PVA 342 pre-crack RT 1.86 S . =10 ksi
0 66 ml.n
60 -56 5*884 0.64
85 -95 5*884 0 0 64
105 -125 5*884 0.64
130 -157 5*884 0.64
165 -159 5*884 0.64
5*1178 0.85
195 -186 5*884 0.64
2*1178 0.85
375 -154 5*884 0.64
410 -178+20 41*1078 0.78
440 -178 1078 0.78
RT Room Temperature
*The same specimen designation as in Refs. 1, 2, 3 is used.
**Number of load cycles, applied moment at critical section
***Yield moment of the gross section at room temperature (M; = So crYS )
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Table 2 Testing Procedures, A441 Steel Beams
Applied**
Beam* Time Temp. Moment MA Applied Moment Load HistoryNumber (min) T ~'F) (k-in) Yield Moment*** Fatigue Test
A4Bl a 64 Maximum stress,
• 40 -77 5*1167 0.51 minimum stress
75 -126 5*1167 0.51 and number of
120 -190 1*817 O~36 cycles not
determined.
A4B2 0 68
75 -151 5*1137 0.50
110 -194 5*1024 0.45
A4B3 0 68
45 -113 1*629 0.28
1*856 0.38
A4B4 0 69
45 -129 3*1159 0.51
A4B5 0 69
50 -150 5*1163 0.51
80 -199 5*1163 0.51
105 -249 1*1163 0.51
A4B6 0 63
35 -108 5*1020 0.45
70 -195 5*1024 0.45
110 -241 1*1085 0.48
115 -248 1*364 0.42
A8B1 0 65
45 -81 5*1180 0.52
75 -149 5*1180 O~52
115 -190 3*1180 0.52
1*1096 0.48
A8B2 0 63
30 -87 5*1052 Oe46
60 -144 5*1052 0.46
65 -139 5*1352 0.60
115 -208 1*1164 0.51
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Table 2 Continued
Applied**
Beam* Time Temp. Moment MA Applied Moment Load HistoryNumber (min) T (0 F) (k-in) Yield Moment*** Fatigue Test
A8B3 0 69
45 -116 1*822 0.36
A8B4 0 68
50 -108 5*1119 0.49
80 -160 5*1119 0.49
105 -202 5*1119 0.45
140 -250 1*671 O~30
*The same specimen designation as in Refs. 1,.2,3 is used.
**Number of load 'cycles, applied moment at critical section.
***Yield moment of the gross section at room temperature OMy = So crYS )
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Table 3 Results of Mill Tests
Yield Tensile Elongation
Steel Point Strength (8" gage) C M P S S1 C V(ksi) (ksi) (%) n u
.
J
.p.. Rolled Beams
......
I
eTA A36 38.56 64.76 30.0 0.18 0.57 0.001 0.030
TVA,PVA,PLA A36 42.27 67.0 23.2 0.23 0.59 0.018 0.028
Welded Beams A441 58.0 79.4 22.0 0.21 1.24 0.010 0.028 0.04 0.24 0.053
Table 4 Results of Tension Specimens
a) Flange Upper Yield Point Static Yield Stress Tensile Strength
Number Stand. Number Stand. Number Stand. Red. Elong.
Steel of Mean Dev. of Mean Dev. of Mean Dev. in Area 8" Gage
Spec. (ksi) (ksi) Spec. (ksi) (ksi) Spec. (ksi) (ksi) (%) (%)
Rolled
I
Beams
~
N
eTA A36 10 37.97 1.14 9 34.51 1.16 10 60.62 1.11 57.3 30.3I
TVA,PVA, A36 7 36.5 2.7
*
7 62.7 2.2 48.5 25.4
PLA
Welded A441 10 57.55 2.66 10 55.88 3.28 10 84.03 4.05 58.7 21.6
Beams
*Estimated value: 33.2 ksi
Table 4 Continued
b) Web Upper Yield Point Static Yield Stress Tensile Strength
Number Stand. Number Stand. Number Stand. Red. Elong.
Steel of Mean Dev. of -Mean Dev. of Mean Dev. in Area 8" Gage
Spec • (ksi) (ksi) Spec. (kai) (ksi) Spec. (ka!) (ksi) (%) (%)
..
Rolled
I Beams
+:"-
4J
I A36 10 42.22 2.88 9 39.31 2.10 10 61.60 2.33 55.6 29.8eTA
TVA,PVA, A36 5 40.0 1.2
*
5 63.5 1.9 50.4 30.3
PLA
Welded A441 10 61.73 2.20 10 57.18 2.27 10 83.24 3.78 48.5 22.8
Beams
*Estfmated value: 37.9 ksi
·c) Coverplate Upper Yield Point
Table 4 Continued
Static Yield Stress Tensile Strength
Number
Steel of
Spec.
Mean
(ksi)
Stand.
Dev.
(ksi)
Number
of
Spec.
Mean
(ksi)
Stand.
Deve
(ksi)
Number
of
Spec.
Mean
(ksi)
Stand.
Dev.
(ksi)
Red.
in Area
(%)
Elong.
8" Gage
(%)
I
~
~
I
CTA,TVA,
PVA,PLA
A36 6 38.8 0.85 6 33.76 1.02 6 62.36 0.97 63.0 32.6
Table 5 CharpyV-Notch Test Results
A36 Steel A44l Steel
Test Absorbed Test Absorbed
Specimen Temperature Energy Specimen Temperature Energy
Number T (oF) (ft-lb) Number T (oF) (ft-lb)
1 .. 100 1 1 -108 2
2 .-100 1 2 -82 3
3 -50 2 3 -82 5
4 -25 4 4 -43 11
5 -25 4 5 -43 4
6 0 8 6 -3 14
7 a 35 7 -3 24
8 25 39 8 17 42
9 50 66 9 37.5 38
10 70 82 10 37.5 47
, .
5411 212 82 11 70
12 212 81 12 70 67
13 122 G 5 62
14 122.5 62
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Table 6 Test Data, A36 Steel Beams
Test Loading Effective Applied** Crack
Beam Temperature Time Yield Stress Stress Length
Number T (oF) t (sec) cry (ksi) cr (ksi) a (in)
eTA 131 -153 22 55.9 25.8 5.28/E
eTA 132 -173 43 58.1 26.5 2.62/C
eTA 133 -170 22 58.8 22.8 2.50/C
eTA 141 -160 21 57.2 22.0 2.54/C
eTA 142 -76 19 46.3 28.1 2.37/C
eTA 143 -162 20 57.6 27.2 2.43/C
eTA 151 -151 52 54.1 26.7 2.09/C
eTA 152 -210 40* 65.8 28.1 2.13/C
eTA 153 -230 49 70.5 26.7 2.18/C
TVA 332 -144 50 53.1 28.1 1.38/C
TVA 341 -158 47 55.4 23.3 3.14/E
TVA 342 -203 44 59.0 28.1 NF
TVA 352 -167 40* 57.2 25.8 2.49/E
PVA 351 -184 42 60.2 26.7 2.95/E
PLA 252 -191 44 61.5 30.2 1.11/T
PVA 342 -178 35 59.4 25.8 O.60fT
NF No fracture
E Edge crack
T Through crack (off center)
C Center crack
*Estimated value
**Maximum stress in gross section at critical location
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Table 7 Test Data, A441 Steel Beams
Test Loading Effective Applied** Crack
Beam Temperature Time Yield Stress Stress Length
Number T (oF) t (sec) cry (ksi) (j (ksi) a (in)
A4Bl -190 69 77.9 23.2 2.36/E,T
A4B2 0194 71 78,6 29.0 4.21/E
A4B3 -113 78 78.5 24.3 3.40/W
A4B4 -129 78 67.8 32.9 2.21/W
A4B5 -249 55 93.4 33.0 3.05/E
A4B6 -248 53* 93.2 27.4 t 3.70/E
A8Bl -190 36 79.2 31.1 4.iO/E
A8B2 -208 54 82.2 23.4 2.97/E
A8B3 -116 60* 66.6 23.3 1.70/W
A8B4 -250 60* 93.5 19.6 2.90/E
E Edge crack
T Through crack
W Web crack
* Estimated value
**
Maximum stress in gross section at critical location
-47-
Table 8 Section Properties, Plastic and Yield Moments, A36 Steel Beams
Applied ~ MABeam Moment MA S ZS My Z ~Number (k-in) 0 0
eTA 131 1079.4 0.40 1.14 0.56 0.73
CTA 132 1079.4 0.44 1.09 0.56 0.70
CTA 133 938.1 0.42 0.90 0.58 0.58
CTA 141 921.8 0.36 1.06 0.53 0.64
CTA 142 117706 0047 1.29 0.62 0.87
eTA 151 1118.6 0.56 0.88 0.69 0.64
eTA 152 1177.5 0052 0.82 0.66 0.57
eTA 153 1118.6 0.50 0.76 0.64 0.52
TVA 332 1177.6 0.67 0.79 0.74 0.64
TVA 341 975.4 0.66 0.63 0.77 0.47
TVA 342 829.6 NF NF NF NF
TVA 352 1079.3 0.73 0.64 0.83 0.49
PVA 351 1116.7 0.70 0.65 0.78 0.51
PLA 252 1263.3 0.69 0.71 0.83 0.52
PVA 342 1079.4 0.86 0.51 0.91 0.43
,
Plastic moment of the net section ~
z
z
o
of the cracked section (net section)
of the uncracked section (gross section) =
of the· cracked section (net section)
of the uncracked section (gross section)
section
NF No fracture
S Elastic section modulus
S Elastic section modulus
o 41.9 in 3
Plastic section modulus
Plastic section modulus
47.2in 3
MY Yield moment of the net
~
-48-
Table 9 Section Properties, Plastic and Yield Moments, A441 Steel Beams
Beam
Number
A4Bl
A4B2
A4B3
A4B4
A4B5
A4B6
A8Bl
A8B2
A8B3
A8B4
Applied
Moment MA(k-in)
1024.1
856.4
1159.6
1163.6
964.4
1096.1
825.6
822.3
s
s
o
0.47
0.38
0.12
0.13
0.53
0.46
0.42
0.54
0.26
0.54
0.43
0.66
0.45
0.63
0.36
0.90
0.27
z
z
o
0.57
0.52
0.26
0.34
0.62
0.57
0.57
0.63
0.41
0.62
0.31
0.42
0.84
0.34
0.70
0.43
0.27
0.57
0.20
S Elastic section modulus of the cracked section (net section)
S Elastic section modulus of the uncracked section (gross section) =
o 52.2 in3
z
z
o
Plastic section modulus of the cracked section (net section)
Plastic section modulus of the uncracked section (gross section) =
59. 7 ins
MY Yield moment of the net section MY = s cry
Mp Plastic moment of the net section ~ = Z cry
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Table 10 Stress Intensity Factor, A36 Steel Beams
Stress Intensity Factor
K(ksifin)
Test
Beam Temperature Free Restraint
Number T ~F) Edges Edges
eTA 131 -153 162.6 Y 155.6
eTA 132 -173 121.9 Y 121.9 Y
eTA 133 -170 114.3 Y 111.2 y
eTA 141 -160 108.1 106.6
eTA 142 ~76 105.9 Y 105.9
eTA 143 -162 118.1 Y 118.1 Y
eTA 151 ~151 113.3 Y 113.3 Y
eTA 152 -210 125.2Y 125.2 Y
eTA 153 -230 133.8 Y 114.9
TVA 332 -144 79.1 72.3
TVA 341 -158 133.7 89.3
TVA 342 -203 NF NF
TVA 352 -167 143.2 83.4
PVA 351 -184 153.1 98.1
PLA 252 -191 81.9 72.7
PVA 342 -178 58.9 45.1
NF No fracture
y Remaining ligament yielded, value calculated with graphical method
-50--
Table 11 Stress Intensity Factor, A411 Steel Beams
Stress' Intensity Factor
K(ksiJin)
Test
Beam Temperature Free Restraint
Number T (>F) Edges Edges
A4Bl -190 88.6 45.5
A4B2 -194 180.5 Y 93.1
A4B3 -113 109.3*
A4B4 -129 222.5*
A4BS -249 192.4 78.0
A4B6 -248 212.6 Y 75.2
A8Bl -190 193.2 Y 97.4
A8B2 -208 .148.5 Y 89.0
A8B3 -116 96.0*
A8B4 -250 110.6 43.5
* Calculation see Appendix A
Y Remaining ligament yielded value determined with physical method
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Fig. 3 kTest Setup in 300 Machine
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Fig. 11 Fracture Surface of Beam CTA-132,
3-Ended Fatigue Crack
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Fig. 12 Fracture Surfac~ of'" ;Bea:m eTA-131,
2-Ended Fatigue Crack
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Fig. 13 Fracture Surface of Beam A4B6, Large
E.dge Crqck
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Figf 14 Schematic of Typical Crack Path, Beam A8Bl
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APPENDIX A - LARGE CRACKS
A.I Introduction
Beams A4B3) A4B4 and A8B3 have very large edge cracks) a big part of
the tension flange is destroyed and the crack reaches far into the web as
shown in Fig. AI. Therefore it is not possible to calculate the stress
intensity factors with the models used in paragraph 4. In this appendix
methods are given to estimate K values for these crack configurations.
The stress intensity factor can be estimated at 3 different locations
(Fig. A2):
- at the crack tip in the web (Location 1)
- at both sides of the remaining ligament in the flange (Locations
2 and 3).
A.2 Stress Intensity at the Crack Tip in the Web
To calculate the stress intensity factor at the crack tip in the web
the web alone is considered as a pure bending specimen (Fig. A.3). The
K value is given by(4)EQ. Al
~end
1/2(2b na)1/2 0.923 + O.199(1-Si~)4
= a(TTa) rra tan 2b rra
cos 2b
(Al)
In addition to that applied bending stress there is a closing force which
takes the remaining ligament of the flange into account. The total closing
force is the remaining flange surface times' the yield. stress. Because for
the web crack a two dimensional model was used, that above calculated
closing force is therefore too big. The closing force, P 1 ,for the
c ose
web crack is proportional to the total flange area and is
-77-
ALi
p = --- * AL4 * crclose AFt • y
~i = area' of the remaining ligament
AFt = area of the tension flange.
(A2)
That force is at the end of the crack applied, the model to calculate the
stress intensity factor is shown in Fig. A.3, the K value due to the closing
force is given in Eq. A3~4)
2p r 3.52 4.35 ]
K = 1/2r . 3/2 - 1/2 + 2.13(1-a/b)
(rra) -(l-a/b) (i-a/b)
The total K value is the difference between the K value from bending and
from the closing force.
(A3)
(A.4)
The plastic zone 'correction has to be included ~nd Eq. A.4 has to be solved
iteratively.
A.3 Stress Intensity at the Remaining Ligament
A.3.1 General Procedure
The stress intensity- at locations 2 and 3 can be calculated if the
The crack opening for a pure bending specimen (Fig. A.3) is known(4), but
-opening displacement, v, of the flange is known. The, 'K value for a known
v is (7)
~
-=J=(1 vE ys (AS)
the opening for the closing force is not known. To estimate the total
crack opening at the flange the following procedure is used:
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Calculate the crack opening of an infinite plate at x = 0, y = 0
(Fig. A.4)
Calculate the crack opening for a specimen under bending
- Calculate a magnification factor with which the opening of an
infinite plate under the same loading condition has to be multiplied
to get the opening of the bending specimen
- Calculate the total crack opening, including the closing force,
for the infinite plate
- The opening of the flange is the total opening multiplied by the
magnification factor.
A.3.2 Crack Opening in an Infinite Plate
The crack opening in a pl~te is given by Eq. A6
2
v=-ImZE (A6)
The Westergaard stress function for an infinite plate and two concentrated
load pairs is(4) (Fig. A4)
- 2 -1(i2 _aa )1/2
Z = ;; P tan a'd _bE
If the applied stress over the crack length is a function of the
length, then
P = cr(b) d b
~e 1 is 2
In Eq. A7 z - a respectively z + a is· replaced by r 1 e and r Z e
Equation A6, A7 and A8 yield to
( )1/2.2 a -1 r 1r 2 1
v = -E S 1m cr(b) tan d b
o (a2 _b2 )1/2
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(A7)
(A8)
(A9)
For the displacement at x = y = 0, 81 is TT, 92 is 0 and r 1 = r 2 = a. The
crack opening is
4 a 1( b2 )1/2
V = TIE S cr(b) tan h- 1 - SF d b
o
The bending stress is a linear function of the crack length.
(AlO)
To calculate
the crack opening Eq. AlO is integrated numerically. With that model we
underestimate"the real crack opening because the edge y = 0 rem~ins straight.
A.3.3 Magnification Factor
The opening of an edge crack under bending stress (Fig. A.2) is, given
by(4) Eq. All
=t(4a "a 2 0.66v = E O~8 - 1.7(a/b) + 2.4(a/b) + (l-a/bil)· (All)
To obtain the crack opening for the beams, total openings calculated on the
infinite plate have "to be multiplied by a magnification factor, f. The
magnification factor f is defined in Eq. A12
f = crack opening of bending specimen
crack ,opening of infinite plate under bending
A.3.4 Stress Intensity Factor
(A12)
The crack opening of the closing force is also calculated with Eq. AID.
The closing "force is a constant stress applied on the web crack with the
length of the flange thickness. The closing stress is the force defined
in Eq. A.2 divided by the area thickness of the web times thickness of the
flange.
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The total crack opening is the difference between the opening from the
bending stress and the closing stress.
V ::: v-Iv Ibend close (A13)
To obtain the real displacement calculated in Eq. A13 has to be multiplied
by the magnification factor. The K value is obtained from Eq. AS.
A.4 Results
The stress intensity factors at location 1 is smaller than at locations
2 and 3. In Table 5.4 the -maximum K value is given.
-81-
Fig. Al Fracture Surface of Beam A4B6, Small
Remaining Ligament
-82-
aWeb
Flange
I...
-I
Fig. A2 Location for Critical Stress Intensity Factors
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